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Abstract 
This paper presents the analytical heat transfer models for the vertical ground heat exchangers (GHEs) and the attendant program 
named “GEOSTAR” developed for use in design and simulation of vertical GHEs. The program used spatial superposition for 
multiple boreholes and sequential temporal superposition principles to account for time-varying loads. Coupled with the models 
of the heat pump and building loads, the GEOSTAR can predict time-varying heat pump energy consumption, heat transfer rates 
of GHEs, and other variables of interest. Finally, the program is applied to design an existing GCHP project and to simulate the 
system performance. The results demonstrate the usefulness of the simulation model and attendant program as a tool for 
designing GCHP systems. 
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1. Introduction 
Ground coupled heat pump (GCHP) systems are now widely used in space heating, cooling, and water heating 
applications in China because of their higher efficiency, lower maintenance cost and environmental friendliness. 
Many of these GCHP systems currently in operation in China were inadequately designed only according to the rules 
of thumb. The rules of thumb can serve well for specific localities where the building loads, soil and weather 
                                                          
* Corresponding author. Tel.: +86 531 66368216; fax: +86 531 66368216. 
E-mail address: sdcuiping@sdjzu.edu.cn 
© 2015 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of ISHVAC-COBEE 2015
907 Ping Cui et al. /  Procedia Engineering  121 ( 2015 )  906 – 914 
conditions are fairly uniform because design specifications are based on the experience with related installations. 
However, the rules of thumb can not properly assess the effect of varied design parameters, such as shallower burial 
depth, lower shank spacing between U-tube legs, and larger borehole space in ground surface. As a result, these 
ground heat exchangers (GHEs) were either oversized, which lead to unnecessarily high capital costs, or undersized 
which result in system malfunction.  
Actually the heat transfer process in a GHE involves a number of uncertain factors, such as the ground thermal 
properties, the time-varying building loads, and the borehole geometry, over a long lifespan of several or even tens 
of years. In this case, the heat transfer process is rather complicated and must be treated, on the whole, as a transient 
one. The main challenge in designing GCHP systems is finding the optimum size of the GHEs. Thus, it is necessary 
to further develop an accurate, reliable and convenient program for GHE design and simulation.  
In the last decade, a number of GHE models have been developed and they have been combined, directly or 
indirectly, with models of the building, heat pumps, and other components in various modeling environments such as 
TRNSYS, EnergyPlus, eQuest, and HVACSIM+. The GHE model used in TRNSYS is called the Duct Ground Heat 
Storage model, originally intended for underground thermal storage systems [1]. The model uses numerical solutions 
for the global heat transfer between the storage volume and the far-field, and for the local problem of the heat 
transfer around the boreholes. An analytical method is employed to solve the steady-flux problem around the nearest 
pipe. The three models respectively implemented in HVACSIM+, EnergyPlus and eQuest have a common heritage, 
which are based on extensions of Eskilson’s model [2-5]. The programs are based on pre-computed response 
functions for specific GHE geometries. 
2. Simulation models  
A typical GCHP system generally consists of three system loops which are a ground loop (GHE), refrigerant loop 
(heat pump), and the distribution loop (building loads). The simulation model of each loop is presented in detail as 
follows.  
2.1. Heat transfer models of vertical GHEs 
The main objective of the GHE thermal analysis is to determine the temperature of the heat carrier fluid, which is 
circulated between the U-tubes and the heat pump, under certain operating conditions. A design goal is then to 
control the temperature rises of the ground and the circulating fluid within acceptable limits over the system lifespan. 
It is of great importance to work out sophisticated and validated tools by which the thermal behavior of any GCHP 
system can be assessed and then, optimized in technical and economical aspects. In view of the complication of this 
problem and its long time scale, the heat transfer process may usually be analyzed into two separated regions. One is 
the soil/rock outside the borehole, where the heat conduction must be treated as a transient process. Another sector 
often segregated for analysis is the region inside the borehole, including the grout, the U-tube pipes and the 
circulating fluid inside the pipes. The analyses on the two spatial regions are interlinked on the borehole wall.  
Most existing heat transfer models for the soil outside boreholes are the numerical models using either finite 
element method or finite difference method, which may be computationally inefficient due to a large number of 
complex grids. Besides, the numerical models can hardly be incorporated directly into a design and energy analysis 
program, unless the simulated data for specified borehole geometries are pre-computed and stored in programs as a 
massive database with some parameters.  
One of the typical heat transfer model for the heat transfer outside the borehole is the finite line source, i.e. the 
borehole with a constant heating rate is assumed to be a finite line source. Our research team has derived an explicit 
analytical solution of the finite line source in a semi-finite medium for the convenient calculation of the thermal 
resistance outside the borehole. Temperature rises that occur at any time τ on the wall of the borehole can then be 
calculated in the following manner [6]:                  
908   Ping Cui et al. /  Procedia Engineering  121 ( 2015 )  906 – 914 
 
 
 
 
 
2 22 2
0 2 20 2 2
0.5 0.5
2 2
4 0.5 0.5
b b
Hl
b
b b
r H h r H h
erfc erfc
a aqT T dh
k r H h r H h
W W
S
­ ½§ · § ·   ° °¨ ¸ ¨ ¸° °¨ ¸ ¨ ¸° °© ¹ © ¹  ® ¾° °   ° °° °¯ ¿
³    (1) 
where, T0 is the initial temperature of the soil, i.e. the annual mean temperature of the soil; k and a denote the 
thermal conductivity and thermal diffusivity of the soil, respectively; H and rb are the borehole length and the radius, 
respectively; and ql is the heating rate per length of the line source. The analytical model has the straightforward 
algorithm that can be readily integrated into a design/simulation program. Furthermore, the required computation 
time is much less compared to the numerical method.  
The thermal resistance inside the borehole, which is defined by the thermal properties of the grouting materials 
and the arrangement of flow channels of the borehole, has a significant impact on the GHE performance. The main 
objective of this analysis is to determine the entering/exiting temperatures of the circulating fluid to/from the heat 
pump (i.e. EFT, and ExFT) according to the borehole wall temperature and its heat flow. A few models, such as 1-D 
and 2-D models, with varying degrees of complexity have been established to describe the heat transfer inside the 
GHE boreholes. On the basis of 2-D model, we proposed a quasi-three dimensional model which takes into account 
the fluid temperature variation along the borehole depth. The resistance inside the borehole can be better expressed 
by taking into account the thermal interference between the two legs of the U-tube [7]:  
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where the parameter ε is derived from the outlet and inlet temperatures and represents the efficiency of the 
borehole; M and c are the mass flow rate and specific heat of the circulating fluid, respectively. This more accurate 
quasi-three-dimensional model is highly recommended for the design and thermal analysis of GHEs. Combined the 
heat transfer models outside and inside the boreholes, the temperatures of the circulating fluid to/from the heat pump 
can be determined.  
In practice, a GHE may include tens or even hundreds of boreholes, each containing one or double U-tubes 
generally connected in parallel. For each borehole, its temperature response on the borehole wall basically consists 
of two parts: the primary temperature rise due to the line source (U-tube) in the borehole itself (see Eq. (1)) and the 
second one caused by the rest boreholes in the GHE. The temperature responses on each borehole caused by its 
adjacent boreholes are obviously different, which primarily depend on the spacing and geometric placement of the 
boreholes. Hence, a representative borehole needs to be found out, which has an equivalent value to the average 
temperature rise among all the boreholes, as a benchmark of the temperature rise on the borehole wall in a GHE. It 
should be noticed that the heat transfer rate per borehole is assumed to be constant. Thus, the heat transfer in a field 
with multiple boreholes can then be analyzed on the basis of the superposition principle, as shown in Eq. (3).  
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where, N is the borehole numbers and θ=T-T0.  
The building loads are varied with the outdoor weather, which means that the GHE loads are also varied with 
time. The variable heat flow can be approximated by a series of continuous rectangular of heating or cooling pulses 
[8]. Thus, the temperature response in the GHE caused by the arbitrary heating/cooling loads of the system can be 
obtained by using the sequential temporal superimposition. 
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2.2. Building and heat pump models  
While the conventional air conditioning systems can be adequately designed only according to a peak heating 
load and the cooling load at a peak day, the GCHP systems require consideration of a whole year at a minimum and 
the GHE needs an annual simulation. As the heat transfer of GHEs is assumed to be transient across the lifespan of a 
GCHP system, the building loads can be calculated on an hourly, daily or monthly basis according to the design 
program. In the following design and simulation program both the annual hourly and monthly heating and cooling 
loads are used in different cases depending on the simulation time and the study objectives. It is known that the 
heating and cooling loads of a GHE are also related to the performance characteristics of heat pumps. The 
performance of a heat pump unit can be expressed a function of the entering fluid temperature (EFT) of the 
circulating fluid that is transported to the water-loop heat pump from the GHE.  
From the energy conservation standpoint, the simulation models of the GHEs can determine the values of EFT 
and ExFT if the GHE loads are given. In reverse, the GHE loads can only be obtained from the simulation model of 
the heat pump unit with the knowledge of EFTs. Based on the unique relationship between the GHE load and EFT, 
the GHE and heat pump models can be coupled together to systematically estimate the performances of both the 
GHE and heat pump under specified operating conditions. 
3. Simulation-based design program-GEOSTAR 
In tandem with the GHE and heat pump unit models, a simulation-based program named GEOSTAR has been 
developed for the design and simulation of GHEs. This program is able to size GHEs to meet a user-specified 
minimum and maximum heat pump EFTs for a given set of design conditions, such as building loads, ground 
thermal properties, borehole configuration, and heat pump operating characteristics. Another function of the 
program is to simulate the system performance and predict the GHE heat transfer rates for an existing GCHP project. 
The flow chart of the computing procedure for the model implementation and the user interface are described in Fig. 
1. The design process is actually a simulation-based process by means of the trial-and-error method. When 
completing the calculation, the program will produce a detailed report to describe the whole design process and the 
results.  
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Fig. 1. (a) The flowchart of the GEOSTAR program; (b) Wizard user interface. 
The program with a friendly interface and visual graph has been developed under the Delphi Environment. In the 
visual interface, all the geometry parameters and inlet conditions can be set up in dialog boxes which can be popped 
up by clicking the different pages, as shown in Fig. 1(left). When all the required parameters are set up, the pre-
compiled program will begin to simulate/or design under the specific conditions by clicking the “Simulate” or 
“design” button in the “Calculation” manual. 
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The wizard interface of the program is illustrated in Fig. 2, which contains eight pages of input parameters, 
including the project information, borehole configuration, U-tube parameters, soil thermal properties, circulating 
fluid, heat pump performance data, building loads and solar radiation. The last page of solar radiation is used to 
design or simulate the hybrid solar-assistant GCHP systems, which is an ongoing development. The program 
contains a number of editable data libraries, such as heat pump library, soil and fluid libraries. Users are allowed to 
flexibly maintain these libraries. 
4. Verification and comparisons 
The simulation-based GCHP design program of GEOSTAR can design an optimal GCHP system or predict the 
time-varying fluid temperatures and heat pump energy consumption and other variables of interest. However, it is 
indispensable to validate the theoretical model using experimental methods before applying it either to engineering 
practice or other research fields. In the past ten years, a number of GHE models have been developed for use with 
various building simulation programs. In view of this, one of the authors together with other researchers conducted a 
comparison of GHE models developed for use with programs, including GEOSTAR, TRNSYS, HVACSIM+, 
GEOEASEĊ  and eQuest [9]. The experimental validation was also carried out between the models and the 
experimental results. One of the research results is described in Fig. 2, which illustrated the predicted monthly 
average borehole ExFT and the measured data, when the hourly heat transfer rate was specified. It can be seen that 
all of the models (including GEOSTAR) predicted the ExFT within 1°C, except HVACSIM+ which overpredicted a 
maximum of 2°C, for the summer cooling months during the first year. For the shoulder seasons and heating months, 
the errors decreased slightly.   
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Fig. 2. Comparisons of experimental and predicted monthly average borehole ExFTs. 
5. Applications 
5.1. Building description 
To demonstrate how the GCHP system design can be optimized, a project is taken as an example to employ 
GCHP technique, which is a six-story office building with a floor space of 18616m2 in a middle school in Shandong 
province in China. The designed dry bulb temperature of the outdoor air for winter heating is -9.1ć, and the 
summer design temperature is 34.2ć. Since the GHE deals with a long history of past heat transfer to/from the 
ground, the sum of the hourly heat rejection and heat extraction loads over the course of a year must be known in 
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order to correctly size GHEs so that the EFT can be maintained within the desired minimum and maximum 
temperature limits over the lifespan of the system. We employed the Dest program to calculate the hourly cooling 
and heating loads of the example building, as shown in Fig. 3. 
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Fig. 3. Annual hourly building loads in the TMY. 
5.2. Design parameters 
The GEOSTAR requires a set of input parameters that are specific to each GCHP system, as shown in Fig. 2. The 
basic configuration of the GHE is set to be a borehole matrix with a space of 5 meters. The borehole radius is 75 mm. 
HDPE (PE 3408) pipes are used in the GHE. PE pipes with an outer diameter of 32 mm and an inner diameter of 26 
mm are adopted. The space between the U-tubes is estimated to be approximately 55mm. The thermal conductivity 
of the grout is kg = 2.1W/mć. According to the thermal response tests, the thermal conductivity and volumetric 
specific heat of the local soil are estimated to be 1.0W/mć and 1.852h106J/m3ć, respectively. The initial 
soil/rock temperature is measured to be 15.7ć. The maximum and minimum EFT in the system, when all factors 
have been taken into consideration, including the initial ground temperature, are defined as 33ć and 5ć. The 
lifespan of the system is set to 20 years. 
5.3. Results 
When given all the necessary input data, the program can search an optimum GHE configuration within 30 
seconds with a standard PC. The designed GHE configuration for the project is a 252-borehole field with 12 by 21 
grids, each containing a single U tube with a length of 102 meter. Fig. 4 illustrates the variations of hourly heat 
pump entering and exiting fluid temperatures (EFT/ExFT) to/from the heat pump, respectively, in four simulation 
years. In order to investigate the temperature of the soil/rock that surrounds the borehole field, the soil temperature 
at 10 meters far away the perimeter borehole is taken as a reference soil temperature. The maximum peak EFT of 
the GCHP system is nearly close to 33˚C, whereas the lowest value of EFT is found to be 5.2˚C, which completely 
meets the specified temperature limits for EFT. As can be seen from the curves, the soil temperature almost returns 
back to its initial value after the first year of heating/cooling circle and only a temperature increase of less than 1˚C 
is obtained after four years operation.  
It is noteworthy that the discontinuous operation due to the spring holiday and summer holiday primarily 
contributes to the well-balanced GHE thermal loads. Thus, the GCHP technology is quite suitable for school 
buildings as they have enough ground surface area for borehole installation, and another competitive advantage is 
that the school buildings show a distinct characteristic of discontinuous heating/cooling loads.   
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Fig.4. Hourly variations of soil temp, EFT and ExFT of the GCHP system. 
6. Conclusions and prospects 
The simulation-based GHE design program GEOSTAR has been developed on the basis of advanced heat 
transfer models, which can accurately design an optimal GHE configuration for a given set of building loads and 
ground thermal properties. This program can provide a reliable and useful tool to design/simulate the GHEs for 
researchers and engineers in this area, which can further promote the wide application of the GCHP technology in 
China. In order to further continue broadening the applicability of the GEOSTAR program, more research is needed 
in the following areas: (1) further validate the predicted GHE system performance for long term operation including 
heat transfer rates, fluid temperatures, and system power consumption. (2) Develop the simulation model of hybrid 
systems with combination of a variety of heat sink/or source. (3) Develop other types of GHEs including the 
horizontal loop, pond or lake of loop and the pile GHEs. 
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